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One-color (1-1-1) resonance enhanced multiphoton ionization (R E M P I)  spectra are reported 
for styrene-Ar„ clusters with n =  2, 3, and for 4-fluorostyrene-Ar„ clusters with n — 2-5. These 
spectra are compared with previously recorded spectra of the mono-Ar complexes and discussed 
in relation to the structures of the clusters. For the mono-Ar complexes we have performed 
practically exact quantum  calculations of the van der Waals vibrational frequencies and prop­
erties, starting from two different empirical a tom -a tom  potentials. The intermolecular potentials 
are strongly anharmonic and, due to the low symmetry of these dimers, we find considerable 
mode mixing. As a consequence of the kinematic coupling between the A r motion and the 
internal rotation, the bending frequencies depend considerably on the different rotational con­
stants of the molecules. The order of the fundamental frequencies is the same for both dimers. 
For Ar-4-fluorostyrene the calculated vibrational frequencies agree well with the observed 
spectrum; the van der Waals side bands can thus be assigned in detail. For A r-styrene  the 
observed frequencies are less well reproduced, so we must conclude that the a tom -a tom  poten­
tial used is substantially better for Ar-fluorostyrene than for Ar-styrene.
I. INTRODUCTION
Spectroscopy of large aromatic molecules weakly 
bound to a reactive or a nonreactive solvent provides in­
formation on the perturbation of the electronic states of the 
solute induced by the solvent. Molecular complexes pro­
duced by adiabatic expansion of solute-solvent mixtures in 
vacuum can be probed by mass selective resonance en­
hanced multiphoton ionization (R E M P I) .  By this tech­
nique one can identify the cluster species formed in the 
supersonic expansion and study the spectra of specific clus­
ters. One photon resonantly excites the cluster to the elec­
tronic Sj state and the second photon leads to the ioniza­
tion continuum. The dimer spectra of styrene (STY) and 
4-fîuorostyrene (4FSTY ) clustered with noble gas atoms 
and some small molecules have been reported earlier.1^  In 
the present paper we report new STY -A r„ and 4F S T Y - 
Ar„ spectra for n>  1. Especially the mono-argon com­
plexes clearly show the vibrational structure associated 
with the van der Waals modes, observed in the region near 
the origin of the S , —S 0 transition.
The observation of intermolecular vibrations in weakly 
bound molecular systems has been accompanied by several 
theoretical investigations. The simplest aromatic molecule- 
rare gas atom complex is the Ar-benzene dimer, which has
C  1 ^
been extensively analyzed during the last few years. “ The 
equilibrium structure of this dimer is highly symmetric; it 
corresponds to a geometry with the argon atom on the
a)Present address: Laboratoire de Physique des Lasers, Université Paris- 
Nord, Avenue JB. Clement, 93430 Villetaneuse, France.
benzene C6-axis. Dimers of some substituted benzene mol­
ecules with argon have been theoretically studied too . 13,14 
Here, we present calculations of the van der Waals vibra­
tions in S T Y -A r  and 4 F S T Y -A r  dimers. The molecular 
symmetry is very low in these cases and the equilibrium 
position of the argon atom depends sensitively on the 
molecule-atom potential. We compare the results with the 
recorded spectra and (re)assign the observed van der 
Waals transitions. In addition we discuss the spectroscopic 
shifts and tentative assignments of the measured spectra of 
the STY -A r„ and 4FST Y -A r„  complexes with n>  1.
II. EXPERIMENTAL RESULTS
The experimental setup has been described earlier .3,15 
Molecular clusters are produced by adiabatic expansion of 
solute-solvent mixtures through a pulsed valve. Radiation 
from a commercial dye laser system crosses the molecular 
beam perpendicularly and induces, via 1 +  1 R E M PI, the
transition in STY and 4FSTY. The dye laser is 
pumped by a frequency doubled g-switched N d:Y A G  la­
ser; the frequency is doubled in a K D P  crystal to yield 
ultraviolet (U V ) light for the one-photon experiments.
The spectra of pure styrene and of S T Y -A r have been 
reported in Ref. 1. Figure 1 displays the ST Y -A r,, spectra 
(n =  1,2,3) around the 0q electronic origin of the S \* - S 0 
transition. For comparison, we have also displayed the 
monomer spectrum. The relative frequencies and tentative 
assignments are listed in Table I. The blue shifted peak at 
34 825 cm - 1 in the monomer spectrum has been attributed 
to a vibrational combination band . 16 In the S T Y -A r spec-
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FIG. 1. 1 +  1 REM PI spectrum of STY-Ar„ clusters and STY monomer 
spectrum. The zero on the frequency scale corresponds to the monomer Oq 
transition at 34 764 c m -1 .
trum the electronic origin is red shifted by 30 c m - 1 . The 
bands assigned to the intermolecular vibrations are ob­
served at higher frequencies, see Sec. IV. Red shifted 
peaks, present in the same spectrum, can be attributed 
partly to fragmentation of higher clusters and partly to hot 
bands. A crude estimate of the internal temperature of the 
cluster, determined through the intensity ratio of two 
peaks in the spectrum according to Ref. 17, provides a 
value of — 15 K.
S tyrene-A r2 shows the 0q electronic origin shifted by 
63 c m “ 1 to the red of the pure monomer origin. Hence, the 
additivity rule holds and the cluster is believed to have one
argon atom on each side of the molecular plane (a 1 +  1
1 ft
adduct ). A smooth broad band, extending underneath 
sharp peaks at higher frequencies, is difficult to assign. 
Some of the features might be attributed to s ty rene-A r3 
fragmentation. From  the two bands measured, respec­
tively, at +  14 and — 14 cm - 1 with respect to the 0q band 
a value of T =  10 ± 3  K has been estimated for the internal 
temperature.
The s ty rene-A r3 spectrum shows sharp peaks, as well 
as diffuse bands. The origin is shifted to the red compared 
to the monomer spectrum (by 33 c m " 1), but shifted to the 
blue with respect to the s ty rene-A r2 origin. Two interpre­
tations can be proposed to explain this spectrum; the first is 
that an A r 3 cluster is bound to one side of the styrene 
molecule, 19 thus the resulting shift is nearly the same as for 
styrene-Ar. The second is the formation of a 2 +  1 adduct
TABLE I. Frequency shifts and assignment of bands in the styrene- 
argon„ spectra.
Shifts
( c m ' 1) Intensity Assignments and remarks
STY - 8 9 1.1 hot band
- 8 4 1.1 hot band
0 100 OS origin
61 3.5 4 l i4 2 ?
STY -A r - 3 3 8 present in STY A r2
- 2 0 5 present in STY A r2
0 100 0q origin ( —30 cm 1 from STY origin)
16 9 van der Waals
30 8 van der Waals
43 10 van der Waals
60 2
62 1.9
64 2
74 2.1 vib.
79 1.1
88 1.1
101 1.8 vib.
ST Y -A r2 - 1 4 4
0 100 0q origin ( —63 cm -1 from STY origin)
14 38
27 26 present also in STY A r3
35 33
40 35 present also in STY A r3
46 25 present also in STY A r3
50 25
55 26
ST Y -A r3 0
13
31
35
87
76
78
100
0q origin ( —33 c m -1 from STY origin)
with the argon atom that causes the blue shift bound to a 
different site of the styrene molecule, such as the double 
bond of the side chain .20
The spectra of pure 4FSTY and of 4 F S T Y -A r  have 
been reported in Ref. 3. Figure 2 displays the 4FSTY -A r„ 
spectra ( « = 1 - 5 )  around the 0° electronic origin of the 
5 ,  — S 0 transition. The trend, with varying n, is very simi­
lar to what has been found for the S T Y -A r adducts. Up to 
n =  2 sharp peaks are observed, as in pure 4FSTY. The 
strongest feature in 4 F S T Y -A r is shifted to the red by 40 
c m “ 1 from the pure 4FSTY electronic origin. The sharp 
peaks at higher frequencies, see Table II, are assigned to 
van der Waals modes as discussed in Sec. IV. Starting from 
n =  2 multistructured spectra are observed and a broad 
band is present in all these spectra. The electronic origin in 
the n =  2 cluster is shifted by —85 c m -1  from the 4FSTY 
origin and the additivity rule would confirm that the A r 
atoms are symmetrically bound to the aromatic ring, giv- 
ing a 1 +  1 adduct. It cannot be ruled out that another 
isomeric cluster structure with both argon atoms on the 
same side of the aromatic ring (2 +  0) is present. This 
hypothesis is supported by the presence of an intense band 
at —45 c m -1  from the 4FSTY origin, at about the same 
frequency shift as in 4FSTY -A r. The same peaks appear at 
nearly the same frequencies for /7 =  3, 4, and 5, accompa­
nied by a broad structure. Analogous results have been 
found for phenylacetylene and /7-xylene clustered with a r­
J. Chem. Phys., Vol. 99, No. 11,1 December 1993
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FIG. 2. 1-1-1 REM PI spectrum of 4FSTY-Ar„ clusters and 4FSTY 
monomer spectrum. The zero on the frequency scale corresponds to 
the monomer 0q transition at 34 314 cm
gon atom s . 18 Different isomeric cluster structures are 
present, with A r atoms bound to one or both sides of the 
chromophore, giving rise to both intense peaks and broad 
structure in the spectrum. The broad bands that can be 
seen from n =  3 indicate the presence of second order t ran ­
sitions for larger clusters . 17
III. VAN DER WAALS STATES: THEORY AND 
CALCULATIONS
The method used to calculate the intermolecular (or 
van der Waals) vibrations in A r-S T Y  and A r-4F S T Y  has 
already been applied successfully to other A r-arom atic  
molecule complexes .9,12,14 For a detailed theoretical de­
scription of the method we refer to these papers. Let us just 
mention here that we treat the three-dimensional intermo­
lecular vibrations in the Cartesian coordinates x, y, z of the 
argon atom, relative to the body-fixed (B F) frame on the 
aromatic molecule. The origin of this BF frame is the m o­
lecular center of mass and the axes coincide with the prin­
cipal inertial axes a, b, c of the molecule. Except for the 
separation between the high frequency intramolecular vi­
brations and the much slower van der Waals vibrations, no 
approximations are made in the vibrational Hamiltonian. 
Since we will not consider the intramolecular vibrations, 
the molecule is kept rigid, in fact. The eigenstates of the
TABLE II. Frequency shifts and assignment of bands in the 
4-fiuorostyrene argon„ spectra.
Shifts
(cm ') Intensity Assignments and remarks
4FSTY - 6 3 13 hot band
0 100 r \ ( )0q origin
15 12
41 21
44 20
4FSTY -A r 0
8
100
17
0o origin ( - 4 0  c m -1 from FSTY origin)
15 27 van der Waals
29 26 van der Waals
42 30 van der Waals
78 10
4F S T Y -A r2 - 1 0 14
0 100 OS origin ( — 85 cm 1 from FSTY origin)
7 50
16 75
28 58
33 64
40 93 ft
104 42
116 25
4F S T Y -A r3 0 100 ( — 30 cm 1 from FSTY origin)
46 90 (4-16 c m -1 from FSTY origin)
4FST Y -A r4 0 98 ( - 3 9 cm 1 from FSTY origin)
3 100 ( - 3 6 c m -1 from FSTY origin)
17 79 ( —27 cm 1 from FSTY origin)
4FST Y -A r5 0 95 ( —48 c m -1 from FSTY origin)
12 100 ( - 3 6 cm 1 from FSTY origin)
21 85 ( - 2 8 cm -1 from FSTY origin)
Hamiltonian for the van der Waals vibrations can be cal­
culated to any desired accuracy by expanding them in a 
basis of products of harmonic oscillator functions in x, y, 
and z. These functions are centered at the equilibrium po­
sition of the argon atom, i.e., at the minimum of the inter­
molecular potential surface. Their “ stiffness,” i.e. the pa­
rameters cox , cov, and coz which are harmonic oscillator 
frequencies, may be variationally optimized for any given 
size of the basis. The matrix elements of the exact kinetic 
energy operator over this basis are calculated analytically. 
The matrix elements over the intermolecular potential are 
evaluated by numerical G auss-H erm ite  quadrature in x, y , 
and z. This avoids the necessity of making any expansion of
the potential or assumptions of small anharmonicity.
11Previous studies have shown that in styrene“ and 
4-fluorostyrene22 the vinyl group attached to the aromatic 
ring exhibits internal rotation. The authors of these studies 
managed to assign internal rotor splittings in the observed 
microwave spectra of these molecules. This has led to the 
determination of the torsional potential functions which 
describe the large amplitude internal motion of the vinyl 
group. For STY the barrier height was found to be V2 
=  1151 ± 2 0  c m - 1,21 and for FSTY K2 =  9 5 0 ± 6 0  c m - ' . 25 
It was concluded that both molecules are planar in the 
ground state and that their equilibrium structure has Cs 
symmetry. The fact that these barriers to internal rotation 
are much higher than the energies of the van der Waals
J. Chem. Phys., Vol. 99, No. 11,1 December 1993
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TABLE III. Values of the Lennard-Jones parameters used to calculate 
the intermolecular potentials for Ar-styrene (A r-STY ) and A r^\-  
fluorostyrene (A r-4FST Y ).
Set I Set II
ec-Ar ( c m ~ ' )  4 0 .0s 53 .63b
£ „ . a , ( c m - 1) 33 .0 ” 32 .341’
eF_Ar ( c m * 1) 81 .0= 81 .O'
CTC-Ar ( A )  3.42“ 3 .37b
a H-Ar ( A )  3.21“ 3 .03b
(7F_Ar ( A )  3.52c 3 .52c
'Reference 24. 
’'Reference 25. 
"Reference 26.
vibrations justifies the rigid molecule assumption made in 
the present calculations.
The only serious approximation made in these calcu­
lations is due to the lack of knowledge of the A r-S T Y  and 
A r^ -F S T Y  potential surfaces. We have assumed that the 
Ar-molecule potentials can be written as sums over pair­
wise a tom -a tom  interaction potentials of Lennard-Jones 
type. For the parametrization of these potentials we have
taken two different sets of parameter values from the liter-
^  i  ^  /  ____
ature,“ see Table III. Note that these two sets differ 
significantly in the C -A r  and the H - A r  parameters. The 
molecular geometries (see Table IV) of STY and 4FSTY 
were taken from Ref. 27; we were surprised to find no x-ray 
structures of these molecules in the most recent version of 
the Cambridge Crystallographic D ata  Base.28 In Table V 
we have listed, for both parameter sets I and II, the well 
depths ( De) and the Ar-atom equilibrium coordinates 
( x e,ye,ze) relative to the BF frame on the molecule. The 
van der Waals vibrations (see Sec. IV) calculated from 
potentials I and II are qualitatively similar, but the fre­
quencies from potential II are generally higher and more 
realistic. Therefore, we will discuss only the results from
•  °TABLE IV. Atomic coordinates (in A) with respect to the molecular 
inertia frames. Both molecules are planar ( z = 0 ) .
STY 4FSTY
X y x y
c, 0.5177 -0 .2451 1.0556 -0 .2 5 1 2
c2 0.0637 1.0760 0.5097 1.0348
c3 -  1.3075 1.3435 -0 .8761 1.2110
c4 -2 .2 2 4 6 0.2897 -1 .7071 0.0880
C5 -1 .7 7 0 6 -1 .0 3 1 5 -1 .1 7 2 4 -1 .2 0 2 6
Q -0 .3 9 9 5 -  1.2989 0.2149 -  1.3669
C7 1.9576 -0 .5 2 5 9 2.5117 -0 .4 2 9 9
C8 2.9724 0.3552 3.4620 0.5204
H, -3 .2 8 8 6 0.4972 • • • • • •
h 2 0.7754 1.8937 1.1602 1.9019
h 3 -  1.6597 2.3686 -  1.2975 2.2097
h 4 -2 .4 8 2 3 -  1.8491 -  1.8229 -2 .0 6 9 8
h 5 -0 .0 4 7 2 -2 .3 2 4 0 0.6363 -2 .3 6 5 6
h 6 2.2313 -1 .5 5 0 0 2.8568 -1 .4 3 2 2
h 7 3.9745 0.0094 4.4859 0.2461
h 8 2.7708 1.3958 3.1876 1.5443
F • • • • • • -3 .0 1 6 2 0.2487
TABLE V. Well depth and Ar-atom equilibrium coordinates, obtained 
from potentials I and II, see Table III.
Ar-STY 
Potential I
Ar-STY 
Potential II
Ar-4FSTY 
Potential I
Ar-4FSTY 
Potential II
De ( c m - 1 ) -3 9 2 .6 2 -4 5 8 .3 4 -4 3 1 .3 4 -5 0 2 .5 7
(A) -0 .5 0 9 -0 .5 3 3 -0 .2 6 2 -0 .2 4 6
ye (A) 0.008 0.005 -0 .0 5 4 -0 .0 6 0
ze (A) 3.481 3.452 3.460 3.433
the latter potential. The spectroscopic data refer to the van 
der Waals vibrations in the excited electronic S j states of 
the molecules. It is assumed that the atom-molecule po­
tentials are not very different from those for the ground 
state.
In all cases the potential surface contains only one 
minimum with the Ar-atom positioned above the molecu­
lar plane, see Table V. In Figs. 3 (a)  and 3 (b )  we have 
displayed (for potential II) the variation of the well depth 
with the lateral position of A r above STY and 4FSTY. The
• • o
equilibrium height of the Ar-atom remains close to 3.5 A 
for all the ( x fy )  values shown in Figs. 3 (a)  and 3 (b ) .  Note 
that the x  and y  axes in these figures are the principal 
inertia axes of the molecules. Further  it is illustrative to 
look at the cuts through the interaction potentials I and II 
in Fig. 4. The closed curves represent the A r-S T Y  poten­
tials and the dashed curves the A r ^ F S T Y  potentials. It is 
readily seen that especially in the case of A r-S T Y  the po­
tential is strongly anharmonic; this will affect the character 
of the van der Waals vibrational wave functions discussed 
in the next section.
For the optimized variational parameters in the three- 
dimensional harmonic oscillator basis we have found the
values cox =  5 c m -1 , cov=  5 c m -1 , and coz=  35 cm 1 for
1 1 - 1 A r-S T Y  and cox =  5 cm , coy =  6 cm ~ , and coz=  35 cm
for Ar-4-FSTY. The vibrational frequencies and all the cal­
culated properties for A r-4F ST Y  appeared to be well con­
verged for a basis with 10 harmonic oscillator functions in 
the x  coordinate, 10 functions in the y  coordinate, and 8 
functions in the z coordinate, truncated such that the sum 
of the orders of the Hermite polynomials in x  and y  re­
mains smaller than 10 (the dimension of the basis is 440). 
For A r-STY , due to the stronger anharmonicity, these 
numbers were increased to 11, 11, and 9 (dimension 594). 
A grid of 2 4 x 2 4 x 2 4  integration points in the G auss-  
Hermite quadrature for the potential matrix elements is 
more than sufficient in all cases. For the masses we have 
used the value of 39.95 amu for Ar, 104.15 amu for sty­
rene, and 122.09 amu for 4-fluorostyrene. The rotational 
constants have been derived for both molecules from the 
geometrical data contained in Ref. 27. This yields the val­
ues ,4=0 .172  03 c m “ 1, 5 = 0 .0 5 2  01 c m -1 , and 
C = 0 .0 3 9  93 cm - 1 for STY and A = 0 .167  16 c m " 1,
5  =  0.032 68 c m ' 1, and C = 0 .0 2 7  33 c m ' 1 for 4FSTY. 
Microwave measurements yield ,4 =  0.172 23 c m “ 1, 
£  =  0.051 54 c m ” 1, and C = 0 .0 3 9  73 c m " 1 for STY (Ref. 
21) and ,4=0 .168  01 c m - 1 , 5  =  0.032 40 c m -1 , and 
C = 0 .0 2 7  19 c m -1  for 4FST Y .22 Since the differences be-
J. Chem. Phys., Vol. 99, No. 11,1 December 1993
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FIG. 3. (a) Ar-STY potential II. For every .x. y  (coordinates in A) we have indicated the well depth (in cm ’) of the z-dependent potential. Note that 
the jc, y  axes are the principal axes of the molecule (drawn without the hydrogens), the origin is the molecular center of mass, (b) A r^ F S T Y  potential
II. Definitions as in (a).
tween these experimental values and the rotational con­
stants calculated from the molecular geometries are < 1%, 
the calculated vibrational frequencies are hardly affected 
by these differences. We have also calculated the rotational 
constants of the A r-S T Y  and A r-4F S T Y  dimers, in the 
different van der Waals vibrational states. To this end we 
have used the formulas given in Refs. 9 and 12; the dimer 
rotational constants are derived from the energies and 
wave functions of the van der Waals vibrations by a second 
order perturbation expression.
IV. THEORETICAL RESULTS AND CONCLUSIONS
The frequencies, average Ar-atom positions (x ) ,  (y) ,  
(z ), amplitudes Ax, Ay, Az, and character of the different 
van der Waals vibrations calculated from potential II are 
listed in Tables Via and VIb. The character is defined by 
indicating the squared coefficients of the eigenstate in 
terms of the harmonic oscillator product basis; the labels 
( nxn j \z) are the harmonic quantum numbers in the x, y, 
and z directions. Only contributions larger than 10% are 
listed. The lowest excited vibration, labeled as state 2 in
- 3 . 2
- 2 . 4
- 0 . 7  0 .0  0 .7  1 .4
y - c o o r d i n a t e
-2 0 0
E
o - 3 0 0
- 3 5 0
- 4 0 0
- 4 5 0
O 
•  —
c
CD
~o
CL
- 5 0 0
- 5 5 0
2.4 - 1 . 6  - 0 . 8  0 .0  0.8 1.6 2.4 3.2
x —coordinate (Angstrom)
FIG. 4. Potential well depth for j>=0. The closed curves refer to Ar-STY, 
and the dashed curves refer to Ar-4FSTY. The higher curve in each pair 
refers to potential I, and the lower curve to potential II (see Table III).
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TABLE VI. (a) van der Waals vibrational frequencies and properties of Ar-STY. The mode character indicated in the last column is defined in terms 
of the harmonic oscillator product basis (nxn / i :) t see text. The root mean square displacements are defined as Ajc =  [(x 2) — ( x ) 2]w2, etc. Zero point level 
D0=  —415.69 cm '. (b) van der Waals vibrational frequencies and properties of Ar-4FSTY. Definitions as in (a). Zero point level D0— —458.28 c m “ 1.
State
Band
origin
(cm - 1 )
< * >
(A)
O ' )o
(A)
<z>
(A)
A*  
(A)
Ay
o
(A)
Az
o
(A ) Mode character
( a ) 1 0 . 0 0 -0 .4 0 3 0.002 3.497 0.324 0.340 0.115 91% (000)
2 11.31 -0 .1 5 6 0.024 3.504 0.588 0.365 0.116 68% (100) +  20% (200)
3 20.48 -0 .0 7 5 0 . 1 1 1 3.499 0.779 0.404 0.118 32% (300) +  24% (2 0 0 )+  16% (100)
4 22.94 -0 .2 6 8 -0 .0 3 0 3.507 0.379 0.616 0.117 79% (0 1 0 )+  10% (110)
5 28.87 0.131 0.172 3.490 0.887 0.469 0.121 28% (2 0 0 )+  18% (400) +  11% (500)
6 32.16 -0 .0 0 6 -0 .0 5 5 3.505 0.681 0.618 0.119 34% (1 1 0 )+ 2 3 %  (210)
7 37.77 -0 .0 0 5 0.125 3.494 0.888 0.549 0.129 19% (300) +  11% (110)
8 39.37 -0 .2 3 7 0 . 0 0 1 3.523 0.494 0.680 0.150 40% (0 2 0 )+ 2 0 %  (001)
9 41.23 0.043 -0 .0 1 4 3.503 0.884 0.577 0.122 21% (1 1 0 )+  16% (310) +  10% (500)
10 46.14 0.068 -0 .0 4 3 3.510 0.642 0.765 0.150 19% (1 2 0 )+  18% (0 0 1 )+  16% (220)
(b) 1 0 . 0 0 -0 .2 1 1 -0 .0 5 2 3.475 0.266 0.319 0 . 1 1 1 94% (000)
2 13.45 -0 .1 3 6 -0 .0 4 8 3.485 0.476 0.329 0.112 89% (100)
3 25.19 -0 .1 8 2 -0 .0 2 6 3.487 0.317 0.563 0.113 87% (010)
4 25.29 -0 .0 4 5 -0 .0 5 8 3.494 0.628 0.360 0.114 72% (200) +  11% (300)
5 35.71 0.100 -0 .0 0 8 3.500 0.786 0.366 0.118 52% (300) + 2 5 %  (400)
6 37.24 -0 .0 9 2 -0 .0 5 5 3.494 0.511 0.591 0.114 85% (110)
7 41.44 -0 .1 9 4 -0 .041 3.516 0.289 0.554 0.165 43% (001) +  38% (020) + 1 1 %  (002)
8 45.16 0.180 0.026 3.501 0.907 0.385 0.120 34% (500) +  24% (4 0 0 )+  15% (300)
9 47.56 0.042 -0 .0 6 6 3.500 0.693 0.612 0.116 65% (210) +  15% (310)
10 52.58 -0 .1 5 0 -0 .0 3 5 3.514 0.324 0.636 0.155 48% (0 2 0 )+  30% (001)
both tables, is clearly the fundamental bending mode in the 
.x direction, calculated at 13.45 cm 1 for A r-4F ST Y  and at 
11.31 cm 1 for A r-STY . The next pair of states is inter­
changed for the two systems. For A r-4F S T Y  state 3 at 
25.19 cm 1 is the fundamental bending mode in the 
^-direction, whereas for A r-S T Y  state 3 lies at 20.48 c m -1 
and it is the bending overtone in the x direction. For A r -  
STY the fundamental bending mode in the ^-direction cor­
responds to state 4 at 22.94 cm *. The x bending overtone 
lies at 25.29 c m “ 1 in A r ^ F S T Y .
The fundamental stretch mode (in the z direction) is 
found in state 7 at 41.44 cm" 1 in A r-4FST Y , while it is 
present both in state 8 at 39.37 cm 1 and in state 10 at 
46.14 cm 1 for A r-STY . In both systems, but especially in 
Ar-STY, it is strongly mixed with various overtone and 
combination bands, which is a consequence of the strong 
anharmonicity of the intermolecular potential. Note that in 
these systems, by contrast with Ar-benzene (Ref. 12) or 
Ar-aniline (Ref. 14), all this mixing is allowed due to the 
low (C5) symmetry of the molecules. The effects of anhar­
monicity are further illustrated by the shifts of the average 
positions (x ), ( y ), (z), see Tables Via and VIb, with re­
spect to the equilibrium positions x t>, y e, ze given in Table
V. In the harmonic approximation there would be no such 
shifts. Also the increase of the amplitudes Ax, Aj>, Az with 
respect to their ground state values and the plots of the 
vibrational wave functions in Figs. 5 (a)  and 5(b) are char­
acteristic. In the harmonic approximation the increase of 
the vibrational amplitude Ax with the quantum number nx
is proportional to yjnx + j.  If we compare the amplitudes
Tor the excited states in Tables Via and VIb with those for 
the ground state (state 1 ), we observe that this relation is
nearly obeyed (i.e., the amplitude increases by a factor of 
nearly v3) for state 2, excited in the x  direction, and for the 
states 4 and 3 in Tables Via and VIb, respectively, which 
are excited in the >> direction. For the higher excited states 
we find, however, that these amplitudes increase in thex , y , 
and z directions in a much more irregular manner. The 
strong mixing of the different modes in the x, y , and z 
directions, especially in A r-STY , is reflected also by the 
irregular shapes of the nodal planes in the higher wave 
functions in Figs. 5 (a)  and 5(b) .
In Table VII we have listed the rotational constants of 
A r-S T Y  and A r-4FSTY , calculated for the different van 
der Waals states as described in Sec. III. The variation in 
these rotational constants is another manifestation of the 
change in the (average) structure of the dimers upon vi­
brational excitation.
One may find it surprising that the excitation fre­
quency of the bending mode in the x direction is much 
lower than the y  bending frequency, both for A r-ST Y  and 
for A r-4FSTY , whereas the steepness of the potentials in 
Figs. 3 (a )  and 3(b) around their minima (i.e., the har­
monic force constant) is not very different in the x and y  
directions. Also the ground state amplitudes Ax and Aj> are 
nearly equal. This is mainly a kinematic effect. The vibra­
tional (Eckart)  coordinates of the bending modes involve a 
rotation of the (rigid) molecule. When the Ar-atom is dis­
placed in the x direction, the molecule rotates about its y  
axis (i.e., the b inertia axis). When the atom is displaced in 
t h e y  direction, the molecule rotates about its x  (or a)  axis. 
The rotational constant A is about three times larger than 
B  for STY and about five times for 4FSTY and, hence, the 
effective moment of inertia is much larger for the x  bending
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than for the y  bending. It is this effect that explains the 
much lower frequency of the x  bending mode.
The ground state amplitude in the stretch direction Az 
is about three times smaller than Ax and Aj>. This result is
similar to the findings for other A r-arom atic  molecule 
complexes .9,12,14 Also the value of —40 cm 1 for the fun­
damental stretch frequency is similar for all these systems. 
In the case of A r-benzene the stretch mode involves
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merely the Ar-atom (relative) displacement. In the present 
cases with lower symmetry it may involve a molecular ro­
tation, but since the potential minima lie nearly above the 
molecular centers of mass, the rotational component will
be very small. The higher frequency and smaller displace­
ment in the z direction are simply consequences of the fact 
that the Ar-molecule potentials are much stiffer for vertical 
Ar-atom displacements than for lateral ones.
TABLE VII. Calculated rotational constants (in cm ')  for the lowest van der Waals states. The rotational 
constants for the equilibrium structure are / i t.=0.040 23, Be= 0.037 44, 0^=0.024 81 for Ar-STY and 
/ie=0.036 87, Bc=0.027 35, C,,=0.019 30 for Ar-4FSTY.
State
Band
origin
Ar-STY
Band
origin
Ar-4FSTY
A B C A B C
1 0.00 0.042 51 0.035 04 0.024 75 0.00 0.036 48 0.027 13 0.019 15
2 11.31 0.040 17 0.037 00 0.024 61 13.45 0.036 38 0.026 99 0.019 02
3 20.48 0.039 53 0.038 15 0.024 66 25.19 0.035 76 0.027 34 0.019 18
4 22.94 0.041 58 0.035 63 0.024 97 25.29 0.036 36 0.026 97 0.018 89
5 28.87 0.041 01 0.038 12 0.024 73 35.71 0.036 57 0.026 70 0.018 69
6 32.16 0.039 41 0.037 51 0.024 75 37.24 0.035 64 0.026 64 0.019 05
7 37.77 0.042 96 0.038 12 0.027 32 41.44 0.035 52 0.027 97 0.019 07
8 39.37 0.041 79 0.036 15 0.025 26 45.16 0.040 03 0.026 47 0.021 40
9 41.23 0.039 70 0.038 30 0.025 85 47.56 0.035 82 0.026 62 0.018 90
10 46.14 0.040 67 0.039 11 0.025 79 52.58 0.035 07 0.027 42 0.019 09
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In A r-S T Y  the calculated bending frequencies are 
lower than in A r ^ F S T Y .  Two opposite effects have to be 
considered here; the smaller molecular mass and larger 
rotational constants of STY would give higher frequencies, 
but the softer potential [see Fig. 3 (a ) ,  in comparison with 
Fig. 3 (b )]  gives lower frequencies. Apparently, the latter 
effect dominates.
On the basis of the present calculations we propose the 
following assignment of the spectra observed for A r-S T Y  
and A r ^ F S T Y ,  see Figs. 1, 2 and Tables I, II. We bear in 
mind that, because of the low symmetry, all the van der 
Waals vibrational transitions are allowed by the dipole se­
lection rules. For A r-4F S T Y  the first peak, observed at 15 
c m -1 , is assigned to the fundamental bending mode in the 
x  direction, calculated at 13.45 c m “ 1. The second peak, 
observed at 29 c m ’ 1, is assigned to the y  bending funda­
mental calculated at 25.19 c m " 1, but it may also have a 
contribution from the x bending overtone transition ( the ­
oretically at 25.29 cm ’). The third and strongest side 
band at 42 c m -1  must be due to the fundamental stretch 
transition calculated at 41.44 cm _1. The agreement be­
tween calculated and experimental frequencies is good, so 
we may conclude that the A r-4F ST Y  potential is realistic.
For A r-S T Y  the first side band is observed at 16 cm ', 
see Table I. It must correspond with the bending funda­
mental in the x direction calculated at 11.31 c m “ 1. The 
second peak is observed at 30 cm \  this is probably due to 
the y  bending fundamental calculated at 22.94 cm The 
third and strongest side band at 43 cm 1 must be caused 
by the fundamental stretch transition, but in the calcula­
tions this mode is distributed over two excitations, at 39.37 
and 46.14 c m - 1 . The agreement between calculations and 
experiment is considerably less good in this case. The cal­
culated bending frequencies are too low and the predicted 
splitting of the stretch band is not observed in the experi­
mental spectrum. Hence, we must conclude that the A r -  
STY potential is less realistic than the A r-4F ST Y  poten­
tial. This is rather surprising since the two intermolecular 
potentials have been modeled by the same a tom -a tom  po­
tential. We wonder whether this may be related to the 
difference between the 5 j potential, probed by the experi­
mental spectra, and the S 0 potential, modeled in the cal­
culations. If the nature of the electronic S i« -S 0 excitation 
would be different in STY and in 4FSTY, this might cause 
a different S, intermolecular potential for the two systems.
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